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Poe omne LLON 


Pimbccchiemvcars  sOUn DOLcCNEIal enemies have expanded an 
micecady large weapons industry in a military construction 
program of unprecendented magnitude. A new aircraft factory 
is built every two years and new weapons systems are per- 
fected and produced with alarming regularity. On our side, 
Mmemuntil recently, budget cuts and inflation have eroded an 
mGeady austere military hardware procurement schedule. 
myem now, the recent rises in available funding for new 
weapons and weapon systems cannot reverse the atrophy in 
Our military hardware industry overnight. It is of paramount 
importance that new weapons be as simple yet effective as 
Mmesesible tO maximize our use of procurement funds. 

iicricalemissiles are facing mewer, more sophisticated 
meyret-bloc aircraft of increasingly higher performance. 
ioene face of this demand, the solid fuel ramjet (SFRJ) has 
[meemvyed renewed interest. The SFRJ 1s one of the simplest 
Seat! air-breathing engines with some distinct advantages 
Seeeceother air-breathers and rockets. One chief advantage 
is its inherent simplicity, with a commensurate decrease 
in components needed compared to other air-breathing 


Peeectems. the SFRJ has no fuel tanks, fuel pumps, or fuel 


ay 





SomcCromeaystcns stomrlun Up COStS and possibly malfunction. 
Mieecolidetuel 1s caste Or DOnded in the motor case; with a 
mixed peometry ianlet duct and a fixed exhaust nozzle, no 
Other air-breathing engine is simpler. In comparison to 
mockets, the SFRJ does not carry all its oxidizer in its 
fuel, so it can package more fuel in the same volume with 
mmeecorrespondingly longer burn time and the ability to 
Meovide poOwer-to-tarpet over longer ranges. In short, 
fewer parts and easier, more efficient loading should 
result in both lower initial and life-cycle costs when 
compared to many other propulsion systems. 

However, before the SFRJ can be used effectively, it 
must be demonstrated that it nas reliable, efficient and con- 
eoecnt performance throughout the operational envelope of 
the proposed future missiles. Increased diffuser and com- 
Paeeion performance at high supersonic speeds indicates that 
M@emorRJ is most likely to be considered for applications 
at these higher speeds, although it can, in principle, be 
used at high subsonic and low supersonic speeds. 

itemNaval Posteraduate School has been actively involved 
in SFRJ research since 1975. In 1981 Metochianakis, et al 
[Ref. 1] attempted to control combustion efficiency by 
mecering the nearwall turbulence/mixing. During the course 
of those investigations it was found that lower performance 


(measured as lowered combustion efficiency) occurred when 


eZ 





Sorpusslon pressure oscillations were present. fTnese pres- 
Bure oOselllations increased the fuel regression rate 

which effectively increased the equivalence ratio for the 
same fuel grain lengths and air flow rates. As a result, 
memwas Het possible to determine whether the decreased 

mer cormance was due to the presence of combustion pressure 
Bieiete1ons Orweme increasedwequivailence ratio. 

Per com the wm net sec | aetempted to clarify the effects 
of air flow rate and combustion pressure oscillations on 
@embustion Efficiency, with Plexiglas (PMM) as a fuel. 
ive tests were conducted in both bypass and non-bypass 
medes Of Operation. The non-bypass tests were conducted 
mee hign and low air flow rates, and in all cases 
mere Was Stable combustion (no pressure oscillations 
peesent with amplitudes greater than 5% of operating 
pressure). The bypass tests were conducted with and without 
a sonically choked head-end and bypass inlets. The choked 
Mmects Ciieectively isolate the air feed system from the 
Semoustion process. Combustion pressure oscillations were 
present in all tests conducted without sonic chokes, with 
meeerequency Of 120 Hertz and peak-to-peak pressure varia- 
meetisoe greater than 103 of the ayerage chamber pressure. It 
was found that fuel regression rates were approximately 10% 
above those obtained when a stable condition was present. 


Analysis of data from these bypass tests showed an overall 





primaeement Of the combustion process from the pressure 
oscillations when the fuel port equivalence ratio was 
near one (lean overall equivalence ratio). When the equi- 
valence ratio was greater than one in the fuel port (an 
Sverall equivalence ratio near one) the combustion process 
was degraded. When sonic chokes were used in the primary 
gar inlet, the combustion process was effectively isolated 
mmom the inlet ducting and pressure oscillations were 
emiiniinated. 

iiteenese earlier Sti@ies if was not possible to isolate 
Mia part (Or parts) of the combustion process which was 
wapamle Of COupling with the resonant frequency of the inlet 
meeecaicting. In addition, adequate instrumentation was 
Wemepresent to allow the mode(s} of oscillation (acoustic, 
Gemek, ECC.) to be determined. Some possible mechanisms 
tieene COUld be capable of causing periodic energy release 
fee 1) vortex shedding at the inlet dump plane or 
art mixer dump plane, 2) shear layer or reattachment zone 
@escurbances at the air inlet or aft mixing chamber inlet, 
and 3) mixing or chemical reaction rate variations in 
paeemer the flame stabilization or boundary layer combustion 
meetons. One expected driving mechanism for the disturbances 
/Pmey pass alr injection into the aft mixing chamber. The 
injection of this air into the main combustion flow is 


a source of turbulence/distortion. Previous cold flow 
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Studies by Binn, Scott and Netzer [Ref. 3] have shown that 
these downstream disturbances can affect upstream conditions. 
Periodic disturbances of the shear layer reattachment zone 
Py this bypass air injection could result in periodic 
energy release rates within some or all of the fuel port. 
These periodic energy release rates could then couple with 
mie inket alr feed system acoustics resulting in sustained 
Oscillations with large amplitudes. The SFRJ motor which 
has been used at the Naval Postgraduate School may have 
Several different resonant frequencies near that of the ob - 
served oscillations. These include the Helmholtz or bulk 
modes, the first longitudinal acoustic mode, periodic vortex 
Shedding and convective waves. Previous studies by Netzer 
and Katz [Ref. 4] have indicated that the vortex shedding 
Erequencies for the inlet recirculation zone were signifi- 
cantly higher than the observed pressure oscillation fre- 
quencies, but that the shedding frequency for the aft 
mixer Was Only Slightiy higher than the observed frequencies. 
In this investigation tests were conducted to help 
Glarity the relationship between combustor geometry and 
combustion pressure oscillations. Tests were conducted 
Pease three dynamic pressure transducers mounted in the conm- 
bustor so as to identify the frequency and mode of oscil- 
Dumeonm. ihe first test established a baseline configuration, 


after which one dimension of the combustor geometry was 


i 





miaieed tor Cach succeeding run. By changing only one 
variable at a time and observing its effect on combustion 
Beessure oscillations, the relationship between combustor 
geometry and combustion pressure oscillations was 
mayestigated. 

Since ramjets are normally operated at high supersonic 
meeceasesthe combustor inlet alr temperature can be quite 
meri. generally between 800°R and 1400°R. In connected 
Peepe teSting the hot air is often provided by using a 
vitiated air heater. However, a small amount Se mi buen 
muewein the air heater can significantly affect the 
measured combustion efficiency of the SFRJ. It is, 
Meererore, mecessary to ensure efficient operation of these 
mmeieaters. A part of this investigation involved the 
Serabration of the vitiated air heater located within the 


mia Postgraduate School SFRJ test facility. 
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PPro hEON OFRAPPARATUS 


A.  RAMJET MOTOR 

Lic wTdnpeotemaron used im this series of experiments 
has been used at the Naval Postgraduate School in the past 
mere ramjet combustion research [Refs. 1, 2, 3 and 4] with 
aeerew Minor modifications. Figure 1 is a schematic diagram 
Peeeenis SFRJ with pertinent physical dimensions listed. 
The head section contains a wedge to turn the incoming 
Peamanry alrilow 90 degrees and inlets for ethylene (used 
Seeoneronition fuel) and an igniter torch. In order to 
accurately measure the dynamics of combustion pressure 
Beielations, piezociectric pressure transducers were in- 
Stalled as shown in Figure 2. The two transducers mounted 
mimene att mixer were installed 1355 degrees apart. 
Piermer transducer was mounted to monitor air inlet pres- 
Sure variations. The steady-state air inlet pressure and 
eemperature were also measured. 

The removable step insert was used to allow variation 
of the sudden expansion step height. 

rae inanicaliv pertoracted polymethylmethacrylate fuel 
grain was used as the mid-section of the motor and was 
held in place by threaded rods between the head-end and 


att mixer sections. A metal orifice plate was used at the 
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end of the fuel grain to maintain a constant area ratio 
between the fuel port and the aft mixing chamber during 
combustion. 

The aft mixing chamber was composed of stainless steel 
eertOns Courainuas the bypass air inlets, a chamber pres- 
mace tap, and two piezoelectric eres cue transducers. 
fie mixer bemeth could be varied by adding or removing 
sections. Pictures of the SFRJ assembly are shown in 


meure 3. 


fee ALR SUPPLY AND CONTROL SYSTEM 

Fi CurememscHows ausehematic of the SFRJ air supply 
System. The remotely controlled pressure regulator is 
used to vary flow rates. Flow rates are measured by 
Pam sonrealivechioked flow nozzles. The two electrically 
Boncerolled pneumatically operated ball valves are used to 


meme the air flow to the atmosphere when required. 


ieee VIT TATED AIR HEATER 

The vitiated air heater used at the Naval Postgraduate 
penool burns ethylene and incorporates an oxygen makeup 
sep ply (see Figure 4). Ethylene and oxygen flow rates are 
momeally controlled by two sonically choked nozzles. Tem- 
Memature and pressure are measured just upstream of the 
Smokes and recorded during operation of the heater. A gas 


Beeeracti0On tap is provided downstream of the heater to 
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Sepp) aie exhaust sample to a gas Chromatograph. A series 
mewcmokes are available to allow operation of the heater 
throughout a temperature range of 800 to 1400 degrees 
Peomikiie ana Mainstream air flow rates of 0.1 to 3.0 lbm/sec. 
Two remotely controlled electric solenoid valves are installed 
Peeween the Sonic chokes and the heater to start and stop 
meater Operation. 

Piirmtlea ait Meater Jenitionm is provided by an ethylene/ 
Gece torch downstream of mainstream ethylene injection. 


Mime COrch 1s remotely operated and includes a spark igniter. 





tite eh IMENTAL PROCEDURES 


Eee 6CALIBRATIONS 

IMeSthansducers fOr the primary alr line, bypass air 
line, and head and chamber pressures were calibrated over 
the expected ranges of operating pressures prior to each 
Seis runs with a dead-weight tester. The piezoelectric 
pressure transducers were calibrated before and after the 


mest series and were found to be invariant. 


Bee DATA EXTRACTION 


A Honeywell 1508B Visicorder was used to record P. 
pet 


P.. ee and a . this recorder provided timing marks 
bp 


Sieeme bottom of each trace during the run. A Honeywell 
1508 Visicorder set to run at 80 inches per second was used 
to record the output from the dynamic pressure transducers 
in the inlet system and combustion chamber. <A 100 Hertz 
Signal was recorded at the bottom of each of the latter 
traces and was used as a frequency reference for data 
imeauction. 

Primary and bypass sonic nozzle pressures remained 
essentially constant during runs and were easily determined 


maemmethne calibration data. 
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CeeeneAclING FLOWSEXPERIMENTS 

The air flow rate was set by the remotely operated dome 
loader shown in Figure 4. Downstream of eme the alr 2 low 
was split into two streams, primary and bypass, both selec- 
table through the two remotely controlled gate valves. 
Peter this, both flows passed through the sonic chokes, 
fivere pressure and temperature were measured. The flow 


rate was calculated by 





where C, was assumed to be 0.97. 

An ethylene/oxygen torch was used in combination with 
am Upstream ehtylene injection system to provide a source of 
miortion for the PMM fuel grains. Prior to ignition the 
@estred air flow rate through the SFRJ was set using the 
remotely controlled pressure regulator. When the ignition 
Switch was depressed both the torch and upstream ethylene 
were activated, typically for three to four seconds to 
ensure fuel grain flame stability. Each run was terminated 
by stopping air flow through the motor and purging the grain 
with nitrogen. 

After each run was completed the fuel grain was removed, 
weighed and measured. By subtracting the final grain weight 


from the initial weight, the mass of fuel burned was 


a 





determined. The burn time of the run was found from the 
Visicorder trace and divided into the weight change to 
mama the fuel mass flow rate. 

Pomc touring =stme tunel regression rate a final 
average inside diameter was required. This was calculated 


Meane the grain length, initial inside diameter (measured 


Mrrer tO cCach run), and weight change by: 





imocder to find the combustion efficrency an experi- 
ieiial Stagnation temperature was first found using the one- 
dimensional, sonically choked flow equation: 
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ime temperature-rise combustion efficiency (based on measured 
combustion pressure) could then be found using 


T aia 4 
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Nyt) eee e100 
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i was found using the NWC PEPCODE computer program (the 
th 


Moladacic, Equilibrium combustion temperature for the 
experimentally measured air temperature and fuel-air 


imartio) . 


DeeeeVITIATED AIR HEATER 

DewOmenthe Vittated ait heater could be run it was 
memeessary £0 determine the discharge coefficients of all the 
very small sonic chokes which had to be used. This was 
done by measuring the temperature and pressure upstream of 
the chokes and the mass flow rate downstream of the chokes 
using a Hastings-Teledyne mass flow meter. The discharge 


coefficient, Ca , Was then calculated using 





iinewdrsemarge Coefficient Was calculated at a number of 
G@aererent flow rates and an average Cy Wwacmchen determined. 

omtimmethie air heater at a given temperature and flow 
meee the necessary fuel-to-air ratio was found from the NWC 
PEPCODE computer program using ethylene and air (at the 
appropriate temperature) as the combustion ingredients. 
iio fuel-air ratio was then multiplied by the air mass 


meow rate to find the mecessary ethylene mass flow rate. 


thre sSOnic nozzle upstream pressure was set to provide this 


a 





flow rate. The make-up oxygen mass flow rate required for 


muorehiometric Combustion of the ethylene is 


m = 3.43 m 
0, CoH, 
The vitiated air heater combustion efficiency TAT was 
found by 
it - T 
t t 
en htr a. 100 
mde 
qT, pale 
= i al 


Mien thirty-f0ld variation in flow rates over which the 
memuer cOUuld be used presented a problem in regard to the 
PaknoOwn variation in heat loss to the pipe walls. A 
temperature was measured just downstream of the heater but 
memwas mOt ConSidered to provide a reliable average adia- 
batic exhaust temperature. <A gas sample was therefore 
momnacted from the flow just downstream of the stagnation 
memperature probe and sent to the gas chromatograph to 
mmenmtaim the presence of any unburned ethylene in the 
heater output flow. The gas chromatograph employed was a 
Bendix Model 2200 Research Gas Chromatograph using two 
eeotaily connected columns, one 1/8" x 6' with Porapak Q 
porous polymer packing (60/80 mesh) and the second 1/8" x 
7' with Porapak R porous polymer packing (60/80 mesh). 


The carrier gas was helium and was used at a rate of 50 cc/min. 
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The detector was of the flame ionization type and the 2.0 ml 
memole was injected through a Carle manual valve. This 


model of chromatograph uses an oven temperature of 50°C. 
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[Ves eoWuks AND DISCUSSION 


fe INTRODUCTION 

Unewmeuned UseaurO Imvesticate SFRJ pressure "oscillations 
Massa series of logically planned tests. Table 1 shows the 
Best plan for the bypass runs and Table 2 the plan for the 
non-bypass runs. The results of the series of experiments 
are tabulated in Tables 3 and 4 for bypass and nonbypass 
runs, respectively, and Table 5 presents a summary of 


observed combustion pressure oscillation characteristics. 


fweeeeRESSURE OSCILLATIONS - BYPASS RUNS 

Referring to Table 5, for the nominal case (test 1) a 
mrequency of 126 Hz was observed which is approximately that 
memene first longitudinal acoustic mode for the inlet air 
Syerem trom the entrance to the motor to the primary line 
sonic choke. This frequency is much lower than the vortex 
ieaqaime frequencies for the fuel grain and mixer, and 
miewrirst and second longitudinal modes for the entire 
Sombustor, indicating that these were not primary modes of 
Seevllation. It was possihle that the instability could be 
meneimnoltez or other bulk mode of oscillation. The 
Helmholtz frequency for the air inlet system and combustor 


combination was close to the observed frequency. Baia 
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TABLE 3 
Tee outs =~ BYPASS RUNS 


EXPERIMENT ee 
CONFIGURATION* |BP-UC | BP-UC | BP-uC |BP-UC | BP-UC BP-UC 


a 

os es ee eee ee 

— 
[-103_ | 087 | 094 


oe ocon. | 2105 


fsa 


¢ (psia) 46.9 


a 
rt | F (in/sec) | } 00574 | 00502 } 00491 | 00455 } 00483 | } 00485 | 00438 } 00868 
Teh (°R) ead co od = os — ee BE 
pee fe ee epee ee 

* BP-UC ~- Bypass, unchoked 


BP-CB - Bypass, sonic chokes in bypass feed lines 
feet/a stoich. = .121 


CA 
CA 





TABLE 4 


ewes —— NON-BYPASS RUNS 


ee heal. 

ee tt 
A 
pee eee 


SS 


fen oP-UC - Non-bypass, unchoked. 


Mie Clee NOM-Dy pass, ChOke€s inh primary air inlet lines. 
Eompyoass dumps blocked off for non-bypass runs. 
Seerig- © SHOWS initial grain dimensions. Runs 12 and 13 


ieead same grain as run 1] in successive firings. 
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TaemagproxiMately o2o,in the chamber and 7.6% in the primary 
meceimbeteline. The three measurements of the oscillatory 
pressure were in phase, indicating a bulk mode of oscil- 
naeien. lM test 2, the mixer was lengthened by six inches. 
The observed frequency was the same but Bee was much 
ower (12.3% in the chamber and 2.2% in the air line). 
Ebengthening the mixer would lower the Helmholtz frequency 
memeene Gir inlet System and combustor combination by 16% 

but the observed frequency was the same indicating some 

weer bDULK mode was affecting the combustion process. It 
should be noted that increasing the mixer volume by a 

meror Of two should decrease the effect of bypass dump 
Pomeedisturbances on the upstream flow within the fuel grain. 
Meet (test 3) the fuel grain was lengthened by six inches, 
thus increasing the combustion chamber volume and significantly 
Gm@ameing the fuel-air ratio. The frequency and amplitude 
Megemapproximately the same for the nominal case, indicating 
that the bulk mode was probably not related to the 

bemmdary layer combustion region. In test 4 an increased 
grain internal diameter was used and resulted in approximately 
the same frequency and amplitudes as the nominal case. 

Mets, test had a larger recirculation zone and shear layer 
imomoth, and the lack of correlation of these two variables 
meee Observed instability should be noted. Test 5 


meeeized a Larger inlet diameter and a larger fuel port 


36 





diameter. The oscillations observed here were of the same 
frequency as the nominal case but ee in the chamber 
was Slightly higher and aay oe im the imlet inte was much 
meohner. The largér inlet would be expected to permit 
increased coupling between the combustor and the inlet line. 
in test 6 the rear orifice plate diameter was decreased in 
Baeattenmpt to decrease the influence of mixing chamber 
disturbances on fuel port flow. The result was a slightly 
higher oscillation frequency and a slight reduction in the 
meelitide Of the oscillations, indicating less coupling. 
Perhaps more significant was the observed increase in 
Sommmstion Efficiency, an apparent result of increased 
fexine near the aft end of the fuel grain. Tests to this 
pence indicated that one possible driver was induced 
Seominrbances to the reattachment flow within the fuel port. 
In test 7 the bypass air lines were choked at the entrance 
Emrie motor. The observed frequency was slightly lower and 
the amplitude of the oscillation was lower, indicating 

Memo y pass iames had a small effect on the oscillations. 
However, the resonant frequencies of the bypass feed system 
Seamnot couple with the combustion process. The last 
bypass test (number 8) used smaller bypass dump diameters, 
which raised the velocity of the bypass air entering the 
fieeer. lhe frequency of the oscillations was the same as 


the nominal case but the amplitude was slightly lower, 


oy 





Migieaiaectne Dypdssmdir inlet ywelocity had little effect 

on the disturbances transmitted upstream. [In both tests 
mateo wei nereascauammp velocities Significantly increased 
emer compustion efficiency without significantly affecting 
Biewinstabilities. Ihis result indicates that heat release 
rates near the grain exit and/or in the aft mixing region 
were not responsible for the oscillatory combustion. 

At this point it was known that the oscillations were 
emcee DUlK mode, that they involved coupling with the pri- 
Mary-air inlet feed system and not the bypass feed system. 
It was also known that the volume of the recirculation 
zone, the magnitude of x. , and the volume of the fuel port 
meee large effects on the frequency or amplitude of the 
oscillations. The volume of the aft mixer, however, had 
ammaree effect on the oscillations, indicating the initiating 
Merurpance might be the bypass air dumps. One plausible 
Seplanation of the oscillations is that the bypass flow 
causes disturbances which are transmitted upstream to the 
flow reattachment zone. The resulting oscillations of the 
fetecachment: Zone could readily cause oscillatory combustion 
fomene tlame-holder recirculation zone volume and/or in 
time turbulent boundary layer diffusion flame that develops 
downstream of flow reattachment. This oscillatory energy 


mmease Can then couple with the inlet feed line acoustics. 
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PES eauommrnts pronesca mechanism, the next series of tests 
were done tO examine mechanisms for reattachment zone 


@icruotion Other than bypass air. 


See RESSURE OSCILLATIONS - NON-BYPASS RUNS 

Table 4 shows the physical dimensions of the combustor/ 
aici grains and the resulting chamber pressures and burn 
times. Pressure oscillation characteristics are shown in 
Table 5. These tests were concerned with induced disturbances 
Meme teattachment 2one in the fuel port using a non-bypass 
SemolstOr which, historically, is stable. First a nominal 
mote inumber 9) was rum and, as expected, resulted in stable 
eemoustion. A low amplitude 114 Hertz oscillation was 
Peesent in the combustor, but only random noise was observed 
fmmeoie primary air inlet line. In test 10 a thermocouple 
Mmeerumented slot was buried in the fuel grain (see Figure 
Mieeeimto which the reattachment zone was supposed to burn 
mmoway through the run. However, the slot was inadvertently 
placed downstream of x, Tucci tanomiMmemere Of ay disturbance 
to the boundary layer combustion region than to the 
memmtachment zone. This resulted in stable combustion. In 
meet the fuel grain was enlarged for the first six 
mmeies Of 1ts length {see Figure 6). This increased the 
wolume of the recirculation zone but the length of the 
enlargement was less than xX, This resulted in random 
mere birsts Of 122 Hertz oscillations of low amplitude. 
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Figure 6. Partially Enlarged Fuel Grain. 









In run 12 the same fuel grain was used but with a step 
Mmisene OLv0./5 inehes. This put the eee the enlargement 
at X.. . The result was a low amplitude instability of 
nominal frequency in both the combustor and air ducting. 
Test 13 used the same fuel grain, but with sonic chokes 

in the inlet feed lines. The combustion was essentially 
stable, indicating that disturbances of the reattachment 
region flow/combustion couples with the inlet feed system 
resulting in bulk mode oscillations in the combustor. The 
ieemmcude Or the wunsteadiness in the reattachment region is 
apparently insufficient in a nominal non-bypass flow 
environment to affect the overall combustion process or 
@Bomcouple with the inlet acoustics. Some external distur- 
bance is necessary in order for the overall combustion 
process to be affected. Direct disturbances at the wall 
memlced in small oscillations while a larger disturbance 
Momene zone (iv,e., bypass air injection downstream) 


mesulted in large amplitude oscillations. 


Wee VITLATED AIR HEATER 
Tile womonows  sehe diseharge Coefficients for the 
momic nozzles used in the vitiated air heater. During 
the calibration process it was found that the plumbing 
iemistream Of the sonic nozzles had restrictions that were 


meoe Im Size to that of the larger nozzles, resulting 
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TABLE +0 


PioChAhGemeorrPICIENDS FOR SONIC NOZZLES 





c* Ocoee. 095 oe e094) 972 913 .529%* 


eeinstailed values 
eons talled Ca low due to small diameter tube downstream 
oe choke. 
MmpcalGulated discharge coefficients in the .5 to .6 
range. The setup was changed and the nozzles moved down- 
mebean tO jUSt in front of the point where ethylene was 
mapectecd into the heater. The discharge coefficients shown 
ome installed values. Table 7 shows the results of the 
feeeircater calibration tests. A pressure gauge was installed 
Mimeeme burner ater the first four runs in order to assure 
that the ethylene sonic nozzle was properly choked. As 
mlscussed above, temperature rise combustion efficiency 
Memld not be accurately calculated due to the varying 
heat loss with flow rate and temperature. However, the gas 
chromatograph results (Table 7) indicated that a maximum 
oie? .4 ppm (by mass) of unburned ethylene existed in the 
exhaust gases. The NWC PEPCODE computer program was then 
used to determine the effect that this unburned ethylene 


would have on the combustion efficiency of the SFRJ. A 
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eiancewon Only Onewdegree would result in the theoretical 
temperature for the SFRJ burning PMM with unburned ethylene 
present in the maximum amount found. This would result in 


mo measurable change in combustion efficiency. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


A. SOLID FUEL RAMJET 

iitemappanent Cause Of the bulk mode pressure oscillations 
which couple with the inlet feed system acoustics was 
Pypass alr induced disturbances to the reattachment zone 
memene inlet dump. Any changes to the geometry that would 
metlato decrease disturbances introduced by bypass air 
Rigeect lon Can be Expected to reduce oscillatory behavior 
mia system where the air inlet system is not isolated 


meom the combustor. 


pee VELTLATED AIR HEATER 

The vitiated air heater at the Naval Postgraduate School 
functioned properly and produced air with only trace amounts 
of unburned ethylene. The amounts of this unburned fuel 
Meme 1OW enough to have no effect on the combustion of PMM 
and vitiated air (in the solid fuel ramjet installed 
downstream of the heater) throughout the range of equi- 


valence ratios used in the SFRJ. 
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